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ABSTRACT
Strength adaptations from short-term resistance training are thought to be related primarily to
neurological adaptations. Considering brain-derived neurotrophic factor (BDNF) role in the nervous
system, it is possible that BDNF has a role in these adaptations. Fourteen untrained males were
randomized into either a resistance training (RT; n =8) or control (CON; n=6) group. Motor unit
(MU) recruitment at 50% and 80% of each participant’s maximal voluntary isometric contraction
(MVIC), muscle cross sectional area (CSA) and thickness (MT), as well as one-repetition maximum
(1RM) of the squat (SQT), leg press (LP), and leg extension (LE) were performed before (PRE) and
after (POST) the training period. Following the MU assessment, the recruitment threshold (RT; %
MVIC) and mean firing rate (MFR; pulse per second [pps]) of each MU were determined. Linear
regression was used to quantify the slope (pps/% MVIC) and y-intercept (pps) of the MFR versus RT
relationship for each participant and time point. Participants completed an acute resistance exercise
bout at PRE and POST consisting of 3 sets of 8 – 10 repetitions with 90 seconds of rest between each
set of SQT, LP, and LE. Blood samples were obtained following a 4-hour fast before (BL),
immediately-(IP), and one-(1H) hour post resistance exercise. RT subjects performed the same
resistance exercise protocol at PRE twice a week for 3-weeks. CON subjects were instructed to not
perform any resistance exercise. Area under the curve (AUC) analysis was determined by the
trapezoidal method. Pearson product-moment correlations were used to examine selected bivariate
relationships. The ΔBDNF AUC was significantly correlated to the relative 80% Δy-intercept (r=0.626, p=0.030), and trended to be correlated to the relative 80% Δslope (r=0.551, p=0.063). Our
results indicate that Δ in plasma BDNF concentrations appear to be related to Δ’s MU recruitment at
high intensities (80% of MVIC) of exercise.
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CHAPTER ONE: INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is a neurotrophin that exerts pleiotropic effects
and is regulated by a variety of stimuli (Marosi and Mattson, 2014). BDNF serves as a mediator
of synaptic plasticity and neuronal survival (Sasi et al., 2017). Dysregulated BDNF
signaling/action has been associated with a variety of neurological pathologies such as
posttraumatic stress disorder (PTSD), attention-deficit hyperactive disorder (ADHD), and
Parkinson’s disease (Liu et al., 2015; McEwen et al., 2007; McEwen et al., 2015). BDNF acts as
both a neuro- and metabotropic protein, and links energy utilization to neurogenesis, playing an
important role in the adaptive response of neurons to activity (Mattson et al., 2018).
BDNF expression and regulated secretion are under control of neuronal activity and is
dependent on an increase in intracellular calcium (Rothman and Mattson, 2013). BDNF exerts its
function through its high-affinity receptor, tropomyosin receptor kinase B (TrkB), and is
involved in synaptic structure and function (Lu et al., 2008), neurogenesis (Bergami et al., 2008),
and neuronal survival (Marosi and Mattson, 2014). The synthesis and release of BDNF has been
shown to be activity-dependent, and the magnitude of the increase appears to be dependent upon
acute program changes (e.g. volume and intensity of exercise) (Dinoff et al., 2017). Previous
research has demonstrated circulating BDNF to increase following both aerobic and resistance
exercise (Marston et al., 2017; Rasmussen et al., 2009; Matthews et al., 2009; Seifert et al.,
2010), and the BDNF response to an acute bout of resistance exercise is enhanced by 5-7 weeks
of training (Yarrow et al., 2010, Church et al., 2016).
It is well documented that increases in strength in the early phases (initial 2 – 4 weeks) of
a resistance training program occur without changes in muscle cross-sectional area (Griffin and
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Cafarelli, 2006; Moratani and DeVries, 1978; Sale, 1988). These initial increases in strength
have been primarily attributed to neurological adaptation such as increased neural drive (Aagaard
et al., 2002), enhanced motor unit firing rate (Vila-Cha et al., 2010), and decreased recruitment
thresholds (Keen et al., 1994). Due to technological constraints, the ability to investigate activity
of a large number of motor units (MU’s) has been limited. However, recent advances in signal
processing have alleviated the complex challenges associated with decomposing the surface
electromyographic (EMG) signal that is detected non-invasively from the surface of the skin
(Nawab et al, 2010). The use of non-invasive surface EMG sensors, as opposed to intramuscular,
has led to an increased amount of MU’s that can be studied during a contraction (De Luca et al.,
2006) allowing researchers to noninvasively quantify the slope and y-intercept of the relationship
between recruitment threshold (RT), and firing statistics (e.g. firing rates, action potential size,
common drive) of MU’s. Previous research has shown these relationships to be sensitive to
resistance training (Pope et al., 2016) and training status (Herda et al., 2015).
Previous investigations examining the response of circulating BDNF concentrations to
exercise have noted positive correlations between the change in BDNF concentrations and the
change in maximal voluntary contraction torque (r = 0.76) as well as central activation ratio (r =
0.81) following 12 x 5-s maximal effort cycling sprints with 3 min of rest between each sprint
(Skurvydas et al., 2017). Tsai and colleagues (2015) reported a significant correlation (r = 0.54)
between changes in knee extensor strength and changes in serum BDNF concentrations
following 12-weeks of low intensity, cycling exercise. However, to the best of our knowledge no
study has been previously conducted investigating initial improvements are strength, associated
with short-term resistance training induced neural adaptation is associated with changes in
circulating BDNF concentrations. Thus, the purpose of this study was to see if short-term
2

resistance training (8 workouts over the course of 4 weeks) is able to increases circulating BDNF
concentrations and decrease the mean firing rate (MFR) or slope of the MFR by RT relationship.
Secondly, if so were these changes in motor unit behavior and/or strength related to changes in
BDNF resulting from short-term resistance training.
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CHAPTER TWO: REVIEW OF LITERATURE
Introduction
The brain plays an integral part in the physical and mental health of an organism. Brain
derived neurotrophic factor (BDNF) has an important role in maintaining neuronal health
through its role in synaptic plasticity, neurogenesis, and neuronal stress resistance (Marosi &
Mattson, 2014). Although the majority of research on BDNF has focused on neurological health,
recent investigations have demonstrated a role for BDNF in promoting physical health as well.
The finding by Neeper and colleagues (1995) that BDNF mRNA expression is activitydependent inspired over 20 years of research on the effects of exercise to improve brain health.
The main site of BDNF production appears to be the brain (Klein et al., 2011; Pan et al., 1998),
however, whether or not it is the primary source of circulating BDNF may be debatable. BDNF
has been detected in brain, muscle, immune, platelets, epithelial, satellite, and motor neuron cell
types (Brunelli et al., 2012; Fujimura et al., 2002; Garcia et al., 2010; Matthews et al., 2009;
Mousavi and Jasmin, 2009). Previous research has demonstrated circulating BDNF
concentrations to increase following both aerobic and resistance exercise (Marston et al., 2017;
Rasmussen et al., 2009; Matthews et al., 2009; Seifert et al., 2010), and the BDNF response to an
acute bout of resistance exercise is enhanced by 5-7 weeks of training (Yarrow et al., 2010;
Church et al., 2016).
Mechanism of Exercise-Induced Production of BDNF
It has been well demonstrated that BDNF production is increased in response to
bioenergetic challenges (i.e., exercise and fasting). Activation of signaling cascades leading to
BDNF synthesis in neurons are initiated by membrane depolarization. The subsequent increase
in synaptic activity increases intracellular calcium concentrations resulting in activation of
4

calcium/calmodulin sensitive kinases (Mattson et al., 2018), such as cyclical adenosine
monophosphate (cAMP) response element-binding protein (CREB). BDNF transcription is
dependent on CREB activation, as mice with repressed CREB activity do not significantly
increase BDNF mRNA or protein content in response to exercise (Chen and Russo-Neustadt,
2009; Aguiar et al., 2011).
Although the exact mechanisms behind how exercise upregulates BDNF are ambiguous,
it does appear that a switch from liver glycogen-derived glucose to adipose cell-derived fatty
acids and their ketone metabolites during exercise and fasting is necessary (Mattson et al., 2018).
Beta-hydroxybutyrate (BHB), a ketone produced during exercise, has been demonstrated to act
directly on neurons to induce transcription of the bdnf gene (Marosi et al., 2016). BHB inhibits
class 1 histone deacetylases (HDACs), specifically HDAC2 and HDAC3, which stimulates
histone acetylation at the bdnf promoters; resulting in an increase in bdnf gene transcription
(Sleiman et al., 2016). Therefore, BHB is thought to act as a signal to neurons that the major
cellular fuel source has switched from carbohydrates and glucose to fatty acids and ketones
(Mattson et al., 2018).
In addition to BHB, research supports the idea of muscle contraction playing a role for
upregulation of BDNF in the hippocampus, the part of the brain implicated in learning, memory
and emotion (Cotman et al., 2007). In a mouse model of progressive resistance exercise,
phosphorylated mTOR and 70-kDa ribosomal protein S6 kinase (p70S6K) in the soleus were
correlated with hippocampal BDNF and CREB levels (Suijo et al., 2013). Although BDNF is
produced by muscle cells in response to contraction, it does not appear to be released into the
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circulation (Matthews et al., 2009). Therefore, another factor produced by skeletal muscle
contraction is likely responsible for the increased expression of BDNF in the hippocampus.
Previous research has observed increased bdnf gene expression in the hippocampus
following adenoviral overexpression of fibronectin type III domain-containing protein 5
(FNDC5), in the liver (Wrann et al., 2013). This is an important consideration, as this occurred
without any viral mediated expression of Fndc5 in the brain, suggesting that the secreted form of
FNDC5 mediates this effect. Peroxisome proliferator-activated receptor-gamma coactivator
(PGC-1α), which is upregulated in skeletal muscle in response to exercise, regulates FNDC5
(Bostrom et al., 2012). Taken together one potential mechanism of exercise-induced upregulation
of BDNF in the brain appears to be upregulation of PGC-1α in skeletal muscle, leading to
production and secretion of FNDC5, which can regulate bdnf in the hippocampus. However, as
FNDC5 can be processed into irisin, a myokine secreted in response to muscle contraction, it is
unknown whether FNDC5, the full length irisin protein, or a further modified form is crossing
the blood brain barrier (BBB) to induce bdnf gene expression.
Physiological Role of BDNF in the Nervous System
BDNF’s primary known role is inducing synaptic plasticity via axonal and dendritic
remodeling, synaptogenesis, and synaptic efficacy (Park and Poo, 2013; Raefsky and Mattson,
2017). Furthermore, BDNF acts to counter the deleterious effects of neuronal apoptosis and
oxidative stress (Rothman and Mattson, 2013). Lastly, recent research indicates increased
mitochondrial biogenesis (Raefsky and Mattson, 2017) and inhibition of autophagy
(Nikoletopoulou et al., 2017) as important cellular processes involved in synaptic plasticity that
are regulated by BDNF signaling. In addition to BDNF’s role in mediating adaptive responses of
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the central and peripheral nervous systems to exercise (Skurvydas et al., 2017), it is also involved
in regulating energy metabolism (Pedersen et al., 2009).
Gomez-Padilla and colleagues (2008) laid the ground work for BDNF to be thought of as
a “metabotrophin,” as it acts at the interface between neural plasticity and metabolism. They
reported exercise-induced increased gene expression of BDNF, Insulin like growth factor-1
(IGF-1), and ghrelin, as well as in the metabolic markers of AMP-activated protein kinase
(AMPK), ubiquitous mitochondrial creatine kinase (uMtCk), and uncoupling protein 2 (UCP2).
In addition to these genes, memory and learning as assessed by the Morris water maze was
improved compared to sedentary control animals. Interestingly, exercise-induced improvements
in memory and learning were correlated with exercise-induced increases in synaptic and
metabolic markers. In further support, when the action of BDNF was blocked the exerciseinduced increase in AMPK, uMtCk, ghrelin, IGF-1, and spatial memory were absent. These
results suggest that BDNF mediates or is involved in crosstalk of the energy state of the neuronal
cell and neurogenesis.
BDNF primarily works through its high-affinity receptor tropomyosin-kinase receptor B
(TrkB). Following binding of BDNF, TrkB undergoes autophosphorylation, which internalizes
the receptor within a cell (Marosi and Mattson 2014). Subsequently, protein kinase B (Akt),
mitogen activated protein kinase (MAPK), and phospholipase C-γ (PLC) pathways are activated
(Kowianski et al., 2017). Activation of Akt will increase protein synthesis, via activation of the
mammalian target of rapamycin (mTOR), and suppress autophagy, promoting synaptic plasticity
(Gonzalez et al., 2016; Nikoletopoulou et al., 2017). Induction of MAPK and extracellular
signaling kinase ½ (ERK1/2) leads to increased anti-apoptotic markers promoting neuronal
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survival, increase phosphorylation of synapsin-1 which mediates the release of synaptic vesicles,
and the activation of CREB (Sasi et al., 2017). Interestingly, BDNF transcription is dependent on
CREB activation (Chen et al., 2009), therefore, BDNF signaling can induce the production and
secretion of itself.
In addition to the processes mentioned above, evidence supports a role for BDNF in
mitochondrial biogenesis through a Calcium-CREB- PGC-1α pathway (Mattson et al., 2018).
BDNF has been demonstrated to increase mitochondrial biogenesis in embryonic hippocampal
neurons (Cheng et al., 2012), and inhibits mitochondria motility in mature neurons (Su et al.,
2014). In addition, when PGC-1α knockdown in developing hippocampal neurons basal synapse
formation is reduced, and BDNF’s ability to induce synaptogenesis is abolished (Cheng et al.,
2012). As a result of these processes an increased number of mitochondria at pre-synaptic
terminals occurs. Local increases in neuronal mitochondria activity of excited neurons leads to
increased BDNF production, supplying the “active” area of the neuron with trophic support from
BDNF, which is essential for the strengthening of synapses (Raefsky and Mattson, 2017).
Further support for increased mitochondrial biogenesis being the major physiological process
responsible for BDNF neuronal health effects is that neurons have a limited glycolytic capacity,
as only approximately 10% of their adenosine triphosphate (ATP) is produced through glycolysis
(Rolfe et al., 1997). Therefore, regulation of mitochondrial biogenesis is crucial for ATPdependent processes, i.e., protein synthesis, that are required for synaptic plasticity (Raefsky and
Mattson, 2017).
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The BDNF System in Circulation; Serum, Plasma, and Platelets
Circulating BDNF is present in both a free, unbound, form in the plasma and a bounded
form in platelets. Platelets in serum sequester free BDNF from the plasma (Fujimura et al.,
2002). Serum BDNF represents the total amount of circulating BDNF from both of these
compartments. The BDNF concentration in plasma is significantly lower than that seen in serum
or platelets, indicating that the majority of circulating BDNF is stored within the serum
(Fujimura et al., 2012; Gilder et al., 2014; Yoshimura et al., 2010). BDNF concentrations in
human serum, 25.3 ± 15.0 ng∙mL-1, was reported to be similar to that of the BDNF content in
washed platelets, 25.2 ± 21.0 ng/4 X 108 platelets (Fujimura et al., 2002) indicating that serum
BDNF is primarily BDFN stored in platelets. In addition, although serum concentrations are
significantly greater that plasma previous research has reported the two pools to be significantly
correlated, r = 0.731, p < 0.0001 (Yoshimura et al., 2010).
The time course of the increase in serum BDNF and platelets following exercise into
circulation parallel each other (Matthews et al., 2009). This provides a plausible explanation of
why serum BDNF concentrations are routinely observed to be significantly elevated from resting
levels immediately after exercise, but return to resting levels quickly (Yarrow et al., 2010). The
increase in serum BDNF concentrations immediately after exercise is likely the result of
exercise-induced thrombocytosis caused by an increase in sympathetic nerve activity (Walsh et
al., 2017). BDNF can move between the bound form in platelets and unbound form in plasma in
response to low PO2 and high shear stress (Helan et al., 2014; Prigent-Tessier et al., 2013). In
support of this notion, previous research has demonstrated low and high shear stress to release
16% and 32%, respectively, of the BDNF from platelets (Fujimura et al., 2002). This provides
evidence for platelets being a major source of circulating BDNF that can be released into the
9

plasma as a result of exercise-induced sheer stress. Therefore, thinking of serum BDNF as an
“inert” pool is incorrect, as the BDNF protein can move between pools depending on conditions
of the circulatory environment.
In contrast to serum, which is thought to contain stored BDNF, plasma concentrations are
thought to be indicative of the BDNF content that is actively produced by a cellular source. This
is because platelets turn over every 10 days whereas turnover of plasma BDNF is completed in
about 6 minutes (Yoshimura et al., 2010). If BDNF is able to cross the BBB in humans only the
plasma pool would be able to do so as BDNF in serum is stored in platelets (Pan et al., 1998).
This combined with a quick turnover time suggests that plasma BDNF is more likely to be an
indicator of acute changes in BDNF production by a cellular source, whereas serum is more
indicative of chronic BDNF production. Therefore, acute exercise studies would benefit from the
measurement of plasma BDNF, as it likely represents the increase in BDNF concentrations
resulting from cellular translation and/or release. In contrast, exercise training interventions are
not only interested in how BDNF production by cellular sources are effected, hence in plasma,
but also how the training intervention altered stored BDNF concentrations (i.e., what is seen in
serum).
Species Differences in BDNF Physiology
There are some important species differences in the BDNF system that are worth noting
in order to translate research from animal models to humans. BDNF has been demonstrated to
cross the BBB of mice and rats (Poduslo and Curran, 1996; Pan et al., 1998), however; the
human BBB is structurally and functionally different from those in animals (Dinoff et al., 2017).
Previous research has been unable to detect BDNF in whole blood and plasma of mice but have
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reported positive correlations between BDNF concentration in the plasma and hippocampus in a
porcine model, as well as BDNF concentrations in whole blood and the hippocampus of rats
(Klein et al., 2011). Furthermore, plasma and cerebrospinal fluid BDFN concentrations have
been shown to be significantly positively correlated (r = 0.509, p = 0.03) with each other in
humans (Pillai et al., 2010).
Acute BDNF Response to Exercise
Exercise induces a robust response in circulating BDNF concentrations, with
concentrations in the serum and plasma consistently demonstrated to be significantly increased
following exercise (Church et al., 2016; Ferris et al., 2007; Gilder et al., 2014; Marston et al.,
2017; Marquez et al., 2015; Matthews et al., 2009; Rasmussen et al., 2009; Seifert et al., 2010;
Skurvydas et al., 2017; Walsh et al., 2016; Zoldaz et al., 2008). BNDF concentrations in human
skeletal muscle, endothelial, and peripheral blood mononuclear cells have also been shown to be
increased following exercise (Brunelli et al., 2012; Mathews et al., 2009; Prigent-Tessier et al.,
2013). In animals, transcription and translation of BDNF has been shown to be upregulated by
exercise in the brain (Cotman et al., 2007; Gomez-Pinilla et al., 2008; Hoffman et al., 2015;
Neeper et al., 1995; Rasmussen et al., 2009). Furthermore, the average reported increase in
circulating BDNF concentrations in humans following an acute exercise bout has been reported
to be 60% (Dinoff et al., 2017). Although there is general agreement that increases in BDNF
concentrations are seen following exercise (Dinoff et al., 2017; Huang et al., 2014; Knaepen et
al., 2010), how the magnitude of the BDNF response is affected by BDNF pool measured (i.e.,
plasma or serum), exercise mode, intensity, volume, training status, gender, and age is still an
active area of research. Previous meta-analyses have observed exercise induced increases in
circulating BDNF concentrations to be both intensity- (Szuhany et al., 2015) and volume11

dependent (Dinoff et al., 2017). However, comparison of BDNF concentrations across studies is
complicated by differences in blood processing methods which can affect the measured BDNF
concentration (Pareja-Galeano et al., 2015; Polyakova et al., 2017) and the high variability of
BDNF concentrations in healthy populations (Knaepen et al., 2010).
Acute Plasma versus Serum BDNF Response to Exercise
As previously mentioned, BDNF is detectable in both the serum (total BDNF), plasma
(free BDNF), and platelets (bound BDNF) in circulation. However, the response of each
compartment differ, and to date, only one study has simultaneously measured all three pools at
once. Cho and colleagues (2012) demonstrated that BDNF concentrations were increased in all
three pools immediately after a VO2Max test suggesting that both bound and free BDNF is
upregulated. In addition, it was reported that the increase in serum BDNF was 108% whereas
plasma was 28% (Cho et al., 2012). This contrasts with Gilder and colleagues (2014) who
observed a 48% increase in serum and a 99% increase in plasma BDNF concentrations.
However, plasma BDNF concentrations were 100 times lower than serum. This result is in
agreement with a meta-analysis that included 13 and 46 studies that measured BDNF in the
plasma and serum, respectively, and reported a significantly greater increase in plasma as
compared to serum (Dinoff et al., 2017). Although absolute BDNF concentrations are greater in
the serum, a greater relative increase in plasma is relative to resting concentrations, consequent
to exercise.
In addition to the magnitude of both absolute and relative increases, the serum and
plasma pools display different temporal responses to exercise. To date, only two studies have
directly compared the temporal response of both BDNF pools to exercise beyond an immediately
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post-exercise time point. Gilder and colleagues (2014) reported serum BDNF concentration to be
significantly elevated immediately after exercise only, whereas plasma BDNF concentrations
were still significantly elevated at 30- and 60-minutes post exercise, returning to resting levels at
90-minutes post. These results were supported by Pareja-Galeano et al (2015) who observed a
significant increase in serum BDNF concentrations immediately following a cycle ergometer
VO2Max test, which returned to resting levels by 30 minutes post-exercise.
Effect of Exercise Mode on the Acute BDNF Response
Although direct comparison between modes of exercise have not been made, the increase
in circulating BDNF does not appear to be sensitive to the mode of exercise. Previous reports
have demonstrated significant increases in circulating BDNF concentrations from resistance
exercise (Church et al., 2016; Marston et al., 2017; Yarrow et al., 2010), endurance exercise
(Cho et al., 2012; Ferris et al., 2007), sprinting (Winter et al., 2007), high-intensity interval
training [HIIT (Marquez et al., 2015)], and yoga (Pal et al., 2014). The first evidence for
increases in circulating BDNF concentrations from exercise in humans was observed following
30 minutes of bicycle ergometry at 60% of VO2Max (Gold et al., 2003). Since then, multiple
studies have shown BDNF to be elevated in serum (Marston et al., 2017; Walsh et al., 2016;
Yarrow et al., 2010) and plasma (Church et al., 2016) following resistance exercise. In a
comparison of 47 aerobic and eight resistance exercise studies Dinoff and colleagues (2017)
reported no significant differences in the BDNF response between the two modes of exercise. It
does appear that all modes of exercise of sufficient volume and intensity are able to increase
circulating BDNF concentrations, however, additional studies using multiple modes of exercise
are needed to fully characterize the BDNF response to exercise.
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Effect of Exercise Intensity and Volume on the Acute BDNF Response
Both aerobic and resistance exercise models have been utilized to investigate how
exercise intensity effects the acute BDNF response. Previous research supports the notion of a
threshold intensity of approximately 75% of VO2Max or a 14 on the RPE scale to observe a
significant elevation from baseline BDNF concentrations (Ferris et al., 2007; Gilder et al., 2014).
Neeper and colleagues (1995) provided the first link between exercise and BDNF using an
animal model. They reported that BDNF mRNA expression in the hippocampus and caudal
neocortex was associated with distance run per night in rats. Additional investigations have
provided additional evidence that elevations in circulating BDNF concentrations during exercise
are related to the total volume or duration of activity (Dinoff et al., 2017; Cho et al., 2012;
Marston et al., 2017).
In addition to volume and duration of activity, circulating BDNF concentrations are
regulated by the intensity of activity (Ferris et al., 2007; Marques et al., 2015; Walsh et al.,
2017). Ferris and colleagues (2007) had participants perform a 30-minute cycling exercise at
either 10% above or 20% below their ventilatory threshold. BDNF concentrations were only
significantly elevated from resting levels following the 10% above ventilatory threshold trial.
Similarly, Marquez and colleagues (2015) observed greater serum BDNF concentrations
following high-intensity interval training (HIIT) as compared to a time-matched trial set at 70%
of maximal work rate. These results are in agreement with Schmolesky and colleagues (2013)
who investigated the serum BDNF response to 6 different conditions on a cycle ergometer: 80%
heart rate reserve (HRR) for 20 minutes, 80% HRR for 40 minutes, 60% HRR for 20 minutes,
60% HRR for 40 minutes, control condition for 40 minutes, and control condition for 20
minutes. They observed that individuals in the 80% HRR groups were most likely to have a
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significant (≥ 10%) BDNF rise during exercise, but that individuals in the 40 minute group had a
greater increase in the volume of BDNF circulated during exercise.
In comparison to aerobic exercise the BDNF response to resistance exercise, has not been
as well characterized. A recent study examining different resistance training paradigms found
greater increases in serum BDNF following a bout of hypertrophy style (3 sets of 10-repetitions
with 60 seconds of rest) bout of exercise as compared to a strength (5 sets of 5 repetitions with
180 seconds of rest) based bout when matched for mechanical work, (strength = 45.2 ± 12.0
joules; hypertrophy = 46.0 ± 7.5 joules) (Marston et al., 2017). The strength training paradigm
consisted of longer rest periods, which the authors speculated reduced the BDNF response. This
idea was expanded upon by Walsh and colleagues (2017) who a utilized handgrip exercise to
investigate the effects of maximal and submaximal effort exercise on the BDNF response.
Despite the maximal effort bout being shorter in duration (10 minutes) as compared to the
submaximal effort exercise (30 minutes), the BDNF response was still greater during the
maximal effort bout. Therefore, it appears that BDNF is dependent on intensity, however, the
rest period has to be taken into account as well, indicating that exercise density, mechanical work
or volume load of a training session reported relative to the summed inter-set recovery periods
(Marston et al., 2017) regulates the BDNF response. These studies all measured serum BDNF
concentrations. Only one study utilizing resistance exercise compare a high-volume, low
intensity (70% 1RM, 4 set of 10 – 12 repetitions, 1 minute rest periods) to a high-intensity, low
volume (90% 1RM, 4 sets of 3 – 5 repetitions, 3 minute rest periods) training program on the
plasma BDNF response (Church et al., 2016). No group differences were seen before or after
training, however, the high-volume protocol did elicit greater (non-significant) BDNF
concentrations before and after training. Similar to the serum BDNF response this was probably
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a result or a greater density of work performed by the high volume group as compared to the
high intensity group. This makes sense as BDNF is increased during bioenergetics challenges.
Furthermore, recent research has demonstrated exercise density to be significantly different even
when work and volume are matched (Marston et al., 2017b). Therefore, it appears that a
sufficient magnitude and duration of peripheral stimuli like shear stress or deoxygenation are
required for endothelial or brain BDNF production (Fujimura et al., 2002; Rasmussen et al.,
2009; Prigent-Tessier et al., 2013).
Sex and Age Differences for the BDNF Response to Acute Exercise
Previous research had observed significantly lower platelet (Lommatzch et al., 2005) and
serum (Ozan et al., 2010) BDNF concentrations in females as compared to males. However,
Trajkovska and colleagues (2007) reported resting whole blood BDNF concentrations to be
higher in females as compared to males. Two recent meta-analyses have reported a significant
negative correlation between effect size and percentage of females in studies (Dinoff et al., 2017;
Szuhany et al., 2015). These results suggest that females tend to have lower BDNF
concentrations after exercise. In support of this notion, recent research reported a trend (p = 0.06)
for BDNF concentrations to be lower in females, compared to males, immediately after 10minutes of running at 85 – 90% of an individual’s VO2Max (Hwang et al., 2016).
Effect of Training Status on Resting and the Acute BDNF Response to Exercise
Despite the increased interest in BDNF within exercise science the last 20 years, the
understanding of how chronic exercise training alters circulating BDNF concentrations is still not
well-understood. Cross-sectional studies have reported significantly decreased resting serum and
increased resting plasma BDNF concentrations in trained athletes compared to untrained
individuals (Babaei et al., 2014; Belviranli et al., 2016; Correia et al., 2011; Nofuji et al., 2008;
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Silveira et al., 2016). A meta-analysis of 29 studies reported that resting peripheral blood BDNF
concentrations were increased following exercise interventions. When studies were separated
into aerobic and resistance exercise interventions, only aerobic interventions caused a significant
increase in resting BDNF concentrations (Dinoff et al., 2016). These results are in agreement
with previous meta-analyses (Huang et al., 2014; Knaepen et al., 2010). Furthermore, not all
studies measure the same BDNF pool (serum vs plasma), which may be an important factor to be
considered as these two pools are regulated by different mechanisms.
There have been a limited number of studies examining the BDNF response to exercise,
thus limiting our understanding. Both endurance (Griffin et al., 2011; Seifert et al., 2010; Zoladz
et al., 2008) and resistance (Church et al., 2016; Yarrow et al., 2010) training paradigms have
been demonstrated to enhance the BDNF response to an acute bout of exercise in young healthy
adults. Szuhany and colleagues (2015), reported that regular exercise, durations ranging from 3
to 24 weeks, can increase the acute BDNF response to exercise. Interestingly, an analysis of 24
studies observed a significant positive association between cardiorespiratory fitness (VO2Peak)
and increases in circulating BDNF after acute exercise (Dinoff et al., 2017). Individuals who are
more trained appear to have an enhanced circulating BDNF response to exercise.
It seems contradictory that trained individuals have a lower resting BDNF concentrations,
but a greater response to exercise. However, this may be an evolutionary adaptation to activity
(i.e., locomotion) that occurred in animals millions of years ago. As previously mentioned
transcription of the bdnf gene is dependent on CREB activity. This pathway is highly conserved,
as previous research has shown that fasting increased CREB activation and improved long-term
memory formation in Drosophila melanogaster (Chen et al., 2009). Considering the homo
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sapiens and Drosophila melanogaster diverged from a common ancestor approximately 782.7
million years ago (Shih et al., 2015), and activity is required for animal species to obtain calories,
it would be beneficial for to have a greater BDNF response to activity. This greater response
during activity could serve two purposes. First, an increase in memory and spatial learning would
help an organism recall details about its local area (topography, water sources, etc.) and track its
prey. Secondly, it would ensure trophic support of repetitively stimulated synapses used during
movement, which may help reduce neuromuscular fatigue. Support for BDNF playing a role in
neuromuscular fatigue is provided by Skurvydas and colleagues (2017), who observed basal
serum BDNF concentrations predicted central motor fatigue following 12 “all out” 5-second
sprints on a cycle ergometer. Furthermore, they reported significant correlations between the
percent change in serum BDNF concentrations from pre to 24-hours post exercise were
positively correlated to change in central motor fatigue. These results indicate individuals with
lower serum BDNF concentrations and a greater response of BDNF to exercise have smaller
decrements in neuromuscular fatigue following exercise, which is in agreement with decreased
serum BDNF concentrations (Babaei et al., 2014; Nofuji et al., 2008), but a greater response in
trained individuals (Dinoff et al., 2017). Therefore, it is plausible the enhanced BDNF response
to may be an adaptation from when food resources were not as plentiful, allowing the brain and
body to function well.
Potential Role of BDNF in Resistance Training-Induced Neural Adaptations
It is apparent that BDNF has an important role in maintaining and promoting the health
of both the peripheral and central nervous system. Previous research indicates that strength gains
resulting from short term resistance training are primarily the result of neural adaptations
(Moritani and deVries, 1979). These adaptations are thought to include improved motor unit
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(MU) efficiency, where a MU’s firing rate is decreased at the same maximum force level that
could be produced prior to training. In addition, neurological adaptations also include a greater
MU firing rate, generating a higher force level than could be produced prior to training.
However, evidence of these changes in MU’s occurring in response to resistance training is
limited. It is currently unknown if circulating BDNF concentrations are related to resistance
training induced alterations in MU characteristics.
Although not well studied, there is evidence to suggest that alterations in circulating
BDNF concentrations play a role in resistance training induced strength adaptations. For
example, Tsai and colleagues (2015) observed a significant increase in serum BDNF
concentrations following a 12-weeks of aerobic bicycle ergometer exercise. Interestingly, this
significant increase in serum BDNF concentrations were significantly correlated (r = 0.54, p =
0.001) to the percent change in quadriceps extensor torque. These results were supported by a
subsequent investigation that observed a significant (r = 0.460, p = 0.048) correlation between
changes in 1RM back squat and the change in resting plasma BDNF (Church et al., 2016).
Furthermore, changes in the plasma BDNF AUC with respect to increase (AUCi), a measure of
how much BDNF is increased above basal concentrations in response to a stimuli, was
significantly correlated to the change in absolute (r = 0.594, p= 0.006) and relative (r = 0.600, p
= 0.005) peak power produced during performance of a maximal bench press (Church et al.,
2016). As BDNF is consistently shown to be upregulated by exercise, each bout of exercise is
thought to provide a “dose” of BDNF. It appears individuals who had a greater change in the
“dose” of BDNF from an acute bout of exercise are able to produce more power during maximal
lifts.
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The physiological role that circulating BDNF has on strength expression is not
understood. Some potential explanations may be provided by two of BDNF’s known cellular
roles which help regulate neurogenesis. Nikoletopoulou and colleagues (2017) demonstrated that
BDNF signaling suppresses autophagy in the brain, which is required for synaptic plasticity.
They observed that fasting induced increases in BDNF signaling resulting in a significantly
greater number of dendritic spines in the hippocampus of mice. It is possible that the greater
amount of BDNF released during a bioenergetic stress such as exercise would lead to a greater
amount of dendritic spines. Whether this is a mechanism that occurs within the neuromuscular
junction is not known. But, this may also be a plausible explanation for the previously
mentioned correlation between the change in serum BDNF concentrations and central motor
fatigue (Skurvydas et al., 2017). However, BDNF also plays a role in promoting anabolic
processes in the brain such as protein synthesis, via activation of the Akt/mTOR pathway
(Kowianski et al., 2017). Previous research has demonstrated a significantly greater protein
synthesis rates in the brain (3 – 4% turnover a day), compared to muscle (1 – 2% turnover a day)
(Smeets et al., 2018). This implies that complete renewal of brain tissue protein occurs well
within 4 – 5 weeks, which fits into the time line of muscle strength improvements occurring
within 2 – 5 weeks of training without an increase in muscle size (DeFreitas et al., 2011;
Moritani and deVries, 1979; Nuzzo et al., 2017; Weier et al., 2012). Therefore, the highly plastic
nature of neural brain tissue coupled with a suppression in autophagy, would strengthen existing
synapses and help form new ones in repetitively stimulated neural pathways. As previously
mentioned BDNF appears to play a role in mitochondrial dynamics and biogenesis, which would
generate a greater amount of ATP for energy costly processes, such as protein synthesis. Taken
together, an increase in BDNF signaling causes a myriad of downstream effects that strengthen
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existing synapses and help form new ones. These processes which are upregulated by exerciseinduced BDNF signaling provide a plausible theoretical basis for BDNF promoting strength
gains through its role in synaptic plasticity.

21

CHAPTER THREE: METHODOLOGY
Participants
Seventeen males between the ages of 18 and 35 volunteered to participate in this study.
However, one participant in the training group did not complete this study due to injuries
sustained outside of the study. Therefore, only data from 16 men (mean ± SD; age = 23.8 ± 2.5
years; height = 177.5 ± 6.3 cm; mass = 84.9 ± 13.7 kg; body fat = 21.5 ± 10.2 %) were analyzed
and reported on. This study was approved by the University of Central Florida Institutional
Review Board (ID#: SBE-17-13299) prior to participant enrollment. Following an explanation of
all procedures, risks, and benefits, each participant provided his informed consent prior to
completing any testing. For inclusion in the study, participants had to be untrained in the squat
exercise (≤6 months of training), be free of physical limitations, and be willing to maintain a
habitual diet while abstaining from dietary supplements. Following determination of the squat
one repetition maximum participants were counterbalanced into either a control group (n = 6) or
a resistance training group (n = 10). Participants placed in the control group were asked to refrain
from lower-body strength training throughout the duration of the study. Participants placed in the
resistance training group completed a two-day per week, 3-week resistance training program that
was focused primarily on stimulating the vastus lateralis (VL) muscle.
Study Design
A randomized, repeated-measures (RM), between-group, parallel design was used to
investigate if alterations in circulating BDNF were related to short-term resistance training
adaptations (Figure #1). Following the informed consent, we took ample time to thoroughly
explain how the barbell back squat was to be performed throughout the study. Participants were
given the opportunity to watch demonstrations of the exercises being performed correctly, and
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also learned of mental cues to concentrate on. Participants were taught to perform the barbell
back squat with their feet approximately shoulder width apart, with their toes pointed slightly
outward (Hoffman and Ratamess, 2008). The participants were instructed to keep the
musculature of the upper-back contracted throughout the entire range of motion. Weight belts
were not used, however, participants were taught how to correctly execute the Valsalva
maneuver to increase intra-abdominal pressure, and its use was encouraged. During this visit
participants were allowed to practice the barbell back squat during this time, however, they were
limited to just the bar (20.5 kg). After this participants were familiarized with the leg press and
leg extension machines that were used throughout the study. Participants performed an acute
resistance exercise bout twice; before (Visit 4 [PRE]) and after (Visit 12 [POST]) the 3-week
resistance training program with blood samples being collected prior to (BL), immediately (IP),
and 60 minutes (1H) after the acute resistance exercise bout. Prior to all assessments participants
were asked to avoid caffeine and alcohol use for 24 hours. In addition, participants performed all
assessments at the same time of day at POST (± 1 hour) as they did at PRE.
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Figure 1. Illustration of study design.
Isometric Torque Assessment
Participants were seated in an isokinetic dynamometer (System 4, Biodex Medical
System, Inc., New York, NY, USA) strapped to the chair at the waist, shoulders, and across the
thigh, with their hip at an angle of 110°, to evaluate isometric strength during a maximal
voluntary isometric contraction (MVIC) of the VL. Chair and dynamometer settings were
adjusted for each participant to properly align the axis of rotation with the lateral condyle of the
femur. These settings were used at both PRE and POST assessments. All maximal and
submaximal torque testing occurred at a knee joint angle of 70° below the horizontal plane.
Before performing any testing, participants were asked to warm-up by contracting their VL three
times using 50% of their self-perceived maximal effort for 10 seconds with 10 seconds of rest
between each contraction. Following the warm-up, each participant performed three 5-second
MVIC’s at 70° of knee flexion with 3-minutes of rest between each attempt. The highest value
from the three trials was chosen as the MVIC and was used to standardize the submaximal
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testing among participants. Test-retest reliability analysis for our laboratory’s MVIC torque
values in ten participants demonstrated an intraclass correlation coefficient (model 3,1) of 0.90
(Church et al., 2017).
Submaximal Muscle Actions
Prior to testing, each participant was familiarized with both the 50% and 80%
submaximal isometric trapezoidal contractions (≤3 contractions for each). Following
determination of the MVIC and familiarization, the participants performed trapezoidal isometric
contractions at 50% and 80% of MVIC in accordance with a visual template on a computer
monitor. Each participant performed 3 contractions at 50% and 80% of their MVIC with 3
minutes of rest between each contraction. Isometric trapezoidal contractions involved the
participants increasing isometric torque in a controlled manner from 0 – 50% MVIC in five
seconds (10%·second-1), holding this contraction for 10-seconds, and then decreasing isometric
torque in a controlled manner from 50 – 0% MVIC in five seconds (10%·second-1). The total
time for each contraction was 20-seconds. Subsequently, participants then performed a similar
isometric contraction using 80% of MVIC. Participants increased isometric torque from 0% –
80% of MVIC in six seconds (13.3%·second-1), held 80% constant for four seconds, and
decreased isometric torque from 80% – 0% in six seconds (13.3%·second-1). The total time per
contraction at 80% MVIC was 14-seconds. Visual feedback of the real-time torque level was
provided with a target template of the trapezoid. Participants were instructed to maintain their
torque output as close as possible to the target torque. At POST, the participants performed the
trapezoidal isometric contractions at the absolute torque level corresponding to 50% and 80% of
the PRE-test and POST-test MVIC’s. For example, if a participant in the strength training group
demonstrated MVICs of 500 N and 750 N for the PRE-test and POST-test the constant torque
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levels at 50% corresponded to 250 N and 375 N. Torque steadiness was defined as the smallest
coefficient of variation ([CV]; [SD/mean] ×100) during a two second period during the constant

torque portion. The average CV of all three contractions at each respective torque level was used
for statistical analysis. For each participant, the PRE- and POST-test isometric torque assessment
sessions occurred at approximately the same time of day (± 1 hour).
Surface EMG Signal Recording
Surface EMG signals were recorded from the VL during each of the submaximal
contractions with a Bagnoli 16-channel Desktop system (Delsys, Inc., Boston, MA). Prior to
detecting EMG signals, the skin over the muscles and patella was shaved and cleansed with
rubbing alcohol. Oil, debris, and dead skin cells were removed with hypo-allergenic tape. The
sensor was placed over the muscles in accordance with the recommendations described by
Zaheer, Roy, and De Luca (2012). A reference electrode was placed over the patella. The signals
were detected with a surface array EMG sensor (Delsys, Inc., Boston, MA) that consisted of five
pin electrodes (Nawab, Chang, and De Luca, 2010). Four of the five electrodes are arranged in a
square, with the fifth electrode in the center of the square and at a fixed distance of 3.6 mm from
all other electrodes. Pairwise subtraction of the five electrodes was used to derive four single
differential EMG channels. These signals were differentially amplified, filtered with a bandwidth
of 20 Hz to 450 Hz, and sampled at 20 kHz. Surface EMG signal quality (i.e., signal-to-noise
ratio >3.0 [PRE = 5.96 ± 2.11; POST = 5.69 ± 1.87], baseline noise value ≤2.0 μV RMS [PRE =
1.94 ± 0.60; POST = 2.53 ± 0.20] and line interference <1.0 [PRE = 0.44 ± 0.29; POST = 1.05 ±
0.22]) was verified for a 20% MVIC assessment prior to data acquisition. The mean ± SD for
PRE-test and POST-test SubQ were 0.58 ± 0.67 and 0.56 ± 0.66 cm, respectively, POST-test did
not change (p = 0.93).
26

Surface EMG Signal Decomposition
The four separate filtered EMG signals from the VL served as the input to the Precision
Decomposition III algorithm (see Nawab, Chang, and De Luca, 2010 for more detail). The
surface EMG signals were decomposed into their constituent motor unit (MU) action potential
trains. These trains were then used to calculate a time varying firing rate curve for each detected
MU. All firing rate curves were smoothed with a 1-second Hanning filter, and selected from the
2-second portion of the constant-torque contraction with the lowest torque CV. High threshold
MU’s that were recruited or derecruited during the constant-torque portion of the protocol and
therefore not active throughout the entire 2-second portion of the firing rate curve were not
considered for data analysis. Custom-written software (Labview 2017; National Instruments,
Austin, TX, USA) were used to calculate the following properties for each validated MU; 1)
recruitment threshold (RT) defined as the relative torque (%MVIC) at which the MU first
discharged; 2) mean firing rate (MFR) defined as the average firing rate (pulses·second-1 [pps])
during the 2-second portion in each individual MU’s firing curve. Linear regression was used for
each participant’s PRE and POST MU data to calculate the slope coefficient and y-intercept for
their MFR vs RT relationship (MFR-RTSlope and MFR-RTY, respectively).
Motor Unit Decomposition Accuracy
Once all of the signals were successfully decomposed, the Decompose-SynthesizeDecompose-Compare test was used to determine the accuracy of each MU (De Luca and
Contessa, 2012). Except for one participant, MU’s with accuracy levels less than 91.0% (mean ±
SD = 93.2 ± 1.4%) were removed from further statistical analyses. The one instance in which
this did not occur was a MU from participant 13 during the POST-80% contraction, which had
an accuracy of 90.8%, however, this exception was made so that a total of 5 MU’s were detected
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for this contraction. Two additional steps were taken to increase the validity of our procedures.
First, contractions that yielded less than five MU’s were removed from consideration.
Furthermore, contractions that yielded MU’s with a recruitment threshold range of less than
8.6% were also removed from consideration. For a few contractions, very low threshold MU’s
were detected just prior to the onset of measurable torque (i.e., recruitment thresholds at 0%
MVIC). These MU’s were not considered for further statistical analysis.
Ultrasonography
Ultrasound measurements of the VL were made using a 12MHz linear probe (General
Electric LOGIQe, Wauwatosa, Wisconsin) using previously described standardized procedures
and settings (frequency: 12 MHz; gain: 50 dB; dynamic range: 72; and depth: 5 cm) to ensure
consistency (Bartolomei et al., 2016). ImageJ software (National Institute of Health, USA, v1.48)
was used for image analysis. Participants reported limb dominance (kicking leg) and were
positioned on their non-dominant leg side, with legs stacked together allowing for a 10° bend at
the knee. Sagittal still and transverse panoramic images were taken at the same site as the
placement of the surface EMG sensor. Muscle Thickness (MT) was determined from the sagittal
still image as the distance between the inferior border of the superﬁcial aponeurosis and the
superior border of the deep aponeurosis. Cross-sectional area (CSA) was measured by tracing the
outline of the muscle from the transverse panoramic image (Arroyo et al., 2016). Subcutaneous
adipose tissue (SubQ) was determined from the sagittal still image and defined as the distance
between the inferior border of the epithelium and the superior border of the superﬁcial
aponeurosis. Images were taken at three time-points during the study: 1) prior to the PRE 1-RM
(Visit 3, PRE); 2) prior to the first workout of the training period (Visit 5) which was
standardized to 72-hours after Visit 3; and 3) prior to the POST 1-RM (Visit 11, POST). Three
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images were taken at each time-point, and the mean of the two closest values for each
measurement was recorded. Intraclass correlation coefﬁcients (ICC; model 3,1) and standard
error of measurements (SEM) for the ultrasound technician were determined from a repeatedmeasures analysis of 9 individuals (CSA: ICC3,1 = 0.98, SEM = 0.88 cm2 [3.44%]; MT: ICC3,1
= 0.92, SEM = 0.21 cm [0.80%]; SubQ: ICC3,1 = 0.95, SEM = 0.12 cm [0.47%]) (Weir, 2005).
1-Repetition Maximum Testing
Direct measurement of one repetition maximal strength (1-RM) was completed on the
barbell squat and leg press exercises, while a predicted 1-RM was performed on the leg
extension exercise. PRE and POST 1-RM testing took place prior to the acute resistance exercise
bouts at in order to properly assign training loads. All participants completed a standardized
warm-up, consisting of 5 minutes on a cycle ergometer against a self-selected resistance, 10 body
weight squats, 10 walking lunges, 10 dynamic hamstring stretches and 10 dynamic quadriceps
stretches. All 1-RM testing was completed as previously described (Hoffman, 2006). Briefly,
each participant performed two warm-up sets consisting of 5-10 repetitions and 3-5 repetitions at
approximately 40 – 60% and 60 – 80% of his perceived maximum, respectively. Each participant
then performed up to five subsequent trials to determine his 1-RM with 3-5 minutes of rest
between each set.
During the squat exercise, participants descended to the parallel position, where the
greater trochanter of the femur reached the same level as the knee. Participants ascended to a
complete knee extension. Leg press was completed with the participant sitting in a reclined
position, with their legs extended. Participants were asked to lower the weight until the lower leg
and femur created a 90° angle, and then press the weight up. Participants that were unable to
complete the repetition or maintain proper range of motion were given one additional
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opportunity. If they were still unable to perform the exercise correctly, the last completed weight
was recorded as the 1-RM.
For the leg extension exercise, participants were placed in a seated position, and asked to
extend their legs straight out in front of them. Participants were asked to perform as many
repetitions as possible, and the resulting repetitions and weight were applied to a prediction
equation (Brzycki, 1993). If more than 10 repetitions were performed, the weight was increased
and the participant repeated the measure 3 – 5 minutes later. All testing was observed by a
Certified Strength and Conditioning Specialist to monitor adherence to form.
Body Composition Assessment
Anthropometric measurements were assessed during the acute resistance exercise bout at
PRE and POST for each participant during their visit to the laboratory. Upon arrival to the
laboratory, participants were instructed to void their bladder in order to properly assess body
composition. Height (±0.1 cm) and body mass (±0.1 kg) were determined using a Health-OMeter Professional scale (Model 500 KL, Pelstar, Alsip, IL, USA). Body composition was
assessed via air displacement plethysmography (BodPod®, COSMED, Chicago, IL, USA).
Acute Resistance Exercise Protocol
Both groups reported to the University of Central Florida Human Performance Lab on a
four hour fast to complete the acute resistance exercise protocol. After the BL blood draw was
obtained, participants performed the same warm-up they did prior to the 1-RM assessments plus
one set of ten squats at 50% of their 1-RM. The acute resistance exercise bout consisted of three
sets of 8 – 10 repetitions of the squat, leg press, and leg extension exercises with 90 seconds of
rest between each set and 120 seconds between each exercise. The training load was adjusted on
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a set-by-set basis to assure that the participant was able to complete 8 – 10 repetitions per set
(i.e., if the subject was only able to complete 6 repetitions, the load was decreased accordingly
before the next set). Total volume load was calculated for each participant at PRE and POST as
the sum of the product of the number of repetitions completed and the load lifted and expressed
as kilograms (kgs) for each set across all sets. All testing was supervised by a Certified Strength
and Conditioning Specialist to monitor adherence to form.
Resistance Training Program
Following the acute resistance exercise protocol the training group completed a two-day
per week, 3-week resistance training program. The resistance training program was the same
exact workout protocol the participants completed during the acute protocol with one exception.
Each participant performed 3 MVIC’s on the isokinetic dynamometer prior to each workout,
which they performed twice a week for 3-weeks. Total exercise volume of the dynamic
resistance training protocol was calculated for each participant as the sum of the product of the
number of repetitions completed and the load lifted and expressed in kg for each set across all
sets and exercise sessions. Participants had to complete all six training session to remain in the
study. Participants in the control group were instructed to avoid resistance exercise during this 3week period.
Blood Sampling
Blood samples were obtained at three-time points (BL, IP, and 1H) during each testing
session (PRE and POST). Blood draws were obtained by a single use disposable needle with the
participant in a supine position. IP blood samples were obtained within 5 minutes of cessation of
exercise, whereas the remaining blood samples were obtained following a 15-minute
equilibration period. Whole blood (20 ml) was collected into two Vacutainer® tubes (Becton
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Dickinson, Franklin Lakes, NJ, USA), one containing heparin, and one containing no anticlotting agents. The second tube clotted for a 30-minute period prior to being centrifuged at
4,000xg for 15 minutes, whereas the first tube was centrifuged immediately. The resulting
plasma and serum was stored at -80°C for later analysis.
Plasma and Serum Brain Derived Neurotrophic Factor (BDNF)
Plasma and Serum concentrations of BDNF were obtained via enzyme-linked
immunosorbent assay (ELISA) per the manufacturer’s instructions. To remove any additional
platelets from stored plasma samples, all samples were centrifuged at 10,000xg for 10 minutes at
4°C prior to being used for analysis. To limit the inter-assay variability, all samples were thawed
once, and analyzed by the same technician using a BioTek spectrophotometer (BioTek,
Winooski, VT, USA). The average intra- and inter-assay CV was 5.75% and 5.57%,
respectively, for plasma BDNF concentrations. The average intra-assay CV was 5.98% for serum
BDNF concentrations.
Nutrient Intake and Dietary Analysis
Participants were instructed to maintain their normal dietary intake habits throughout the
investigation. Participants were required to record all food and beverage intake 72-hours prior to
their acute resistance exercise bouts at PRE and POST on food logs provided to them with
detailed instructions. Researchers reviewed the food logs prior to the participants leaving the
laboratory to clear up any unknowns on the food log (e.g., food brand, serving size, etc.). In
addition, participants were asked to refrain from caffeine and alcohol for 24-hours prior to all
assessments being performed at PRE and POST. Total caloric, carbohydrate, fat, and protein
intakes were calculated from the 72-hour food logs utilizing the MyFitnessPal® (MyFitnessPal
Inc., Austin, TX., USA) database. The MyFitnessPal® database is comprised of over 5 million
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foods that have been provided by users via entering data manually or by scanning the bar code
on packaged goods. Thus, the data themselves are primarily derived from food labels (i.e.,
nutrition facts panel) derived from the USDA National Nutrient database.
Statistics
To identify differences in dependent variables an analysis of covariance (ANCOVA) was
performed at all measures at POST. Associated values collected at PRE were used as the
covariate to eliminate the possible influence of initial score variance on training outcomes. In the
event of a significant F ratio, a paired sample t-test was used to determine whether a significant
difference existed between measures collected prior to and immediately following 3 weeks of
training. Area under the curve (AUC) was calculated for changes in plasma BDNF using a
standard trapezoidal technique. Additionally, the change in plasma BDNF concentrations from
BL to IP was calculated to investigate the amount of BDNF released from exercise. Linear
regression was utilized to investigate the relationship between changes in BDNF to changes in
the MFR-RTSlope, MFR-RTY, isometric torque, and 1-RM’s. For effect size, partial eta squared
statistics were calculated, and according to Green et al., (2000), 0.01, 0.06, and 0.14 were
interpreted as small, medium, and large effect sizes, respectively. Significance was accepted at
an alpha level of p≤0.05 and data was reported as mean ± 95% confidence interval.
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CHAPTER FOUR: RESULTS
Participant Characteristics
Participants were required to avoid any strenuous activity outside the study. As a result,
one participant, who started wrestling, from the training group was removed from the
investigation prior to analysis. In addition, one participant from the training group was removed
as the change in his squat 1RM was 3 standard deviations above the group mean. Lastly, two
participants in the control group had BDNF concentrations reading above the high standard, and
therefore, had to be dropped from any blood analysis. As a result, changes in BDNF
concentrations are presented on 12 participants (training = 8; control = 4), while performance
results are presented on 14 participants (training = 8; control = 6).
Anthropometric and Morphological Changes
Changes in muscle size and anthropometrics following the training intervention are
presented in Table 1. Body mass was significantly (F = 6.345, p = 0.029, η2 = 0.366) greater in
the control group compared to training at POST. No significant differences between groups were
noted at POST for body fat percentage (F = 2.383, p = 0.151, η2 = 0.178) or fat free mass (F =
0.001, p = 0.974, η2 ≤ 0.001). In addition, no significant group x time interaction was observed
for muscle CSA (F = 1.078, p = 0.322, η2 = 0.089), MT (F = 0.369, p = 0.556, η2 = 0.032), or
SubQ (F = 0.474, p = 0.505, η2 = 0.041).
Nutrient Intake
Relative kilocaloric intake did not change significantly (F = 0.807, p = 0.392, η2 = 0.082)
over the course of the investigation for either training (PRE: 56.5 ± 25.4 kCal∙kg-1; POST: 62.4 ±
22.3 kCal∙kg-1) or control (PRE: 57.7 ± 25.4 kCal∙kg-1; POST: 70.3 ± 30.8 kCal∙kg-1) groups.
Relative protein intake did not change significantly (F = 0.001, p = 0.980, η2 ≤ 0.001) over the
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course of the investigation for training (PRE: 3.2 ± 1.2 g∙kg-1; POST: 3.2 ± 1.4 g∙kg-1) or control
(PRE: 2.4 ± 0.9 g∙kg-1; POST: 2.3 ± 1.0 g∙kg-1) groups. In addition, relative carbohydrate intake
did not change significantly (F = 0.341, p = 0.574, η2 = 0.036) over the course of the
investigation for training (PRE: 6.0 ± 3.7 g∙kg-1; POST: 6.0 ± 3.2 g∙kg-1) or control (PRE: 6.9 ±
3.5 g∙kg-1; POST: 7.7 ± 5.0 g∙kg-1) groups. Similarly, relative fat intake also did not change
significantly (F = 0.087, p = 0.774, η2 = 0.010) over the course of the investigation for training
(PRE: 2.6 ± 1.1 g∙kg-1; POST: 2.8 ± 1.4 g∙kg-1) or control (PRE: 1.8 ± 0.6 g∙kg-1; POST: 2.1 ±
0.7 g∙kg-1) groups.
Strength Improvement
Changes in strength and workout volume can be seen in Figure 2. Significant
improvements in 1RM Squat (F = 6.266, p = 0.029, η2 = 0.363) and leg press (F = 7.392, p =
0.020, η2 = 0.402) were noted in the training group compared to control at POST. No significant
differences between groups were noted at POST for predicted leg extension 1RM (F = 0.352, p =
0.565, η2 = 0.031), total acute workout volume (F = 1.205, p = 0.296, η2 = 0.099), or MVIC (F =
0.06, p = 0.811, η2 = 0.005).
Force Steadiness of Entire Contraction
Changes in absolute and relative force steadiness of the entire contraction can be seen in
Figure 3. No significant differences between groups were noted at POST for the absolute (F =
0.294, p = 0.598, η2 = 0.026) or relative (F = 1.346, p = 0.271, η2 = 0.109) force steadiness for
the duration of the 50% contraction. In addition, no significant differences between groups were
noted at POST for the absolute (F = 0.049, p = 0.829, η2 = 0.004) and relative (F = 2.443, p =
0.146, η2 = 0.182) force steadiness for the duration of the 80% contraction.
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Best Two Second Force Steadiness
Changes in the best 2-second absolute and relative force steadiness contraction can be
seen in Figure 4. No significant differences between groups were noted at POST for the absolute
(F = 0.062, p = 0.808, η2 = 0.006 and F = 0.223, p = 0.646, η2 = 0.020) or relative (F = 0.050, p
= 0.827, η2 = 0.005 and F = 3.199, p = 0.101, η2 = 0.225) best 2-second force steadiness for
either the 50% or 80% contractions, respectively.
MFR-RTSlope Relationship for the VL
Changes in the MFR-RTSlope can be seen in Figure 5. No significant differences between
groups were noted at POST for the absolute (F = 0.294, p = 0.598, η2 = 0.026 and F = 0.145, p =
0.710, η2 = 0.013) or relative (F = 1.346, p = 0.271, η2 = 0.109 and F = 0.158, p = 0.699, η2 =
0.014) MFR-RTSlope in either the 50% or 80% contraction, respectively.
MFR-RTY Relationship for the VL
Changes in the MFR-RTY can be seen in Figure 6. No significant differences between
groups were noted at POST for the absolute (F = 0.096, p = 0.763, η2 = 0.009 and F = 0.233, p =
0.639, η2 = 0.021) or relative (F = 3.659, p = 0.082, η2 = 0.250 and F = 0.376, p = 0.552, η2 =
0.033) MFR-RTY in either the 50% or 80% contraction, respectively.
Resting BDNF Concentrations
No significant differences (F = 0.981, p = 0.348, η2 = 0.098) were noted at POST in
resting plasma BDNF concentrations between the training (295.95 pg/mL; 95% confidence
interval = 195.35 – 396.51 pg/mL) and control (374.31 pg/mL; 95% confidence interval =
230.11 – 518.51 pg/mL) groups.
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BDNF Response to Resistance Exercise
Changes in the plasma BDNF response to resistance exercise at PRE and POST can be
seen in Figure 7. A significant (F = 5.875, p = 0.038, η2 = 0.395) group difference in the BL to IP
BDNF change at POST was observed, with the training group (135.16 ± 111.03 pg∙mL-1)
displaying a greater increase than the control group (-99.77 ± 229.12 pg∙mL-1). However, there
were no group x time interactions observed at PRE (F = 0.903, p = 0.367, η2 = 0.395) or POST
(F = 4.218, p = 0.070, η2 = 0.319) for the BDNF response to exercise. Similarly, no significant
differences between groups were observed at POST for the BDNF AUC (F = 1.082, p = 0.325,
η2 = 0.107).
Correlations
Significant correlations were seen between changes in the BDNF response to resistance
exercise and motor unit characteristics. The change in BDNF released during exercise was
significantly correlated to the change in the relative MFR-RTSlope (r = 0.779, p = 0.003) and
MFR-RTY (r = -0.715, p = 0.009) of the 80% contraction. In addition, the change in the BDNF
AUC was significantly correlated to the change in the relative MFR-RTSlope (r = 0.551, p =
0.063) and MFR-RTY (r = -0.626, p = 0.030) of the 80% contraction. Lastly, the change in the
BDNF AUC trended to be correlated to the absolute change in the best 2 second force steadiness
(r = 0.539, p = 0.070) of the 50% contraction.
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pretest mean = 117 kilograms); B. Leg Press 1RM (covariate: adjusted pretest mean = 217
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Figure 2. Strength and workout volume at POST
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Figure 3.Force steadiness for the entire 50% and 80% contraction at POST.
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40

A

B

Absolute
50%

0

-0.1

C

Relative
50%

0

0

-0.1

-0.1

D

Absolute
80%

Relative
80%

0

-0.1
-0.2

-0.2

-0.3

-0.3

-0.4
-0.5

-0.4
-0.5

-0.6

-0.6

-0.7

-0.7

Slope (MFR·RT-1)

-0.4

Slope (MFR·RT-1)

-0.3

Slope (MFR·RT-1)

Slope (MFR·RT-1)

-0.2
-0.2

-0.3

-0.4

-0.5

-0.6

-0.7

-0.5
-0.8

-0.8

-0.9

-0.9

-0.6

Note. Mean values (± 95% confidence interval) for posttest adjusted for initial differences in
pretest for training (black bar) and control (white bar) groups: A. Absolute 50% MFR-RTSlope
(covariate: adjusted pretest mean = -0.36); B. Relative 50% MFR-RTSlope (covariate: adjusted
pretest mean = -0.36); C. Absolute 80% MFR-RTSlope (covariate: adjusted pretest mean = -0.52);
D. Relative 80% MFR-RTSlope (covariate: adjusted pretest mean = -0.52).
Figure 5. MFR-RTSlope of the 50% and 80% contraction at POST.
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Figure 7. BDNF response to resistance exercise at PRE and POST.
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Table 1. Anthropometric and morphological variables PRE and POST training.

n

F

Training 8 6.345

P-value

η2

0.029

0.366

95%
Confidence
Interval
Covariate 72H POST Lower Upper
84.8

-

86.6

85.6

87.6

BM (kg)
Control 6
84.8
83.7
86.0
Training 8 2.383 0.151
0.178
21.5
22.4
21.2
23.7
BF (%)
Control 6
21.0
19.6
22.5
65.6
66.1
64.8
67.5
FFM(kg) Training 8 0.001 0.974 ≤ 0.001
Control 6
66.1
64.5
67.7
Training 8 0.369 0.556
0.032
2.6
2.6
2.6
2.4
2.8
VL MT
Control 6
2.7
2.5
2.3
2.8
0.089
23.9
25.4 26.3
24.1
28.2
VL CSA Training 8 1.078 0.322
Control 6
24.4 25.0
22.3
27.1
0.041
0.6
0.6
0.6
0.5
0.7
VL SubQ Training 8 0.474 0.505
Control 6
0.6
0.6
0.5
0.6
Note. Data are posttest adjusted for initial difference in pretest for training and control groups
measured at PRE and POST Training. n = sample size; η2 = eta squared; 72H = 72 hours after
first acute resistance exercise protocol; BM = body mass; BF = body fat; FFM = fat free mass;
VL = vastus lateralis; MT = muscle thickness; CSA = cross sectional area; SubQ = subcutaneous
adipose tissue.
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CHAPTER FIVE: DISUCSSION
The results of this study demonstrated significant relationships between the change in
BDNF AUC and the change in appearance (change from BL to IP) of BDNF in circulation
following an acute bout of resistance exercise to the changes in MFR-RTY and MFR-RTSlope of
the relative 80% contraction. Significant improvements were observed in 1RM squat and leg
press exercises in the training group as compared to the control group, without any change in VL
CSA and MT. These results are consistent with previous research indicating strength
improvements can occur in the absence of significant hypertrophy during the early phases of
resistance training (Blazevich et al., 2007; Damas et al., 2016; Moritani and deVries, 1979;
Seynnes et al., 2007).
Results of this study also indicated no significant differences in measures of force
steadiness (i.e., torque CV during the constant torque portion of the submaximal trapezoidal
contractions) at POST between groups. These results appear to be consistent with previous
investigation examining young, previously untrained adult men. Beck and colleagues (2011)
observed no difference in force steadiness of the knee extensors at 80% of participants’ MVIC
following an 8-week, 3-day per week resistance training program in previously untrained men.
This was further supported by others who observed no significant changes in the absolute or
relative force steadiness of the knee extensors at 50% of participants’ MVIC following 10-weeks
of barbell deadlift training in previously, untrained men (Stock and Thompson, 2014). However,
when using lower force levels significant changes have been noted. Vila-cha and Falla (2016)
demonstrated improved force steadiness of the knee extensors at 20% and 30% of participants’
MVIC following a 6-week resistance training program in previously untrained young adults.
While study duration, exercises used, and the calculation of force steadiness differed between the
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present study and the aforementioned studies, our results are in agreement with previous research
on force steadiness of the knee extensors in untrained men.
It has been suggested that the MFR-RTY reflects the maximal sustainable firing rate of the
lowest MUs in the motor neuron pool (Trevino et al., 2016). The classic work of Moritani and de
Vries (1979) first demonstrated that strength improvements occurring within the first 2 – 4 weeks
of initiating a resistance training protocol are largely the result of neural adaptation. One
potential mechanism is an alternation in MU firing rates by either an increase in firing rates at
higher absolute force levels, and/or a decrease in firing rates at the same absolute force level
produced prior to training (Moritani and deVries, 1979; Patten et al., 2001). The present study
does not support this assertion, nonetheless, our results are in line with previous resistance
training studies that used comparable methods to measure MFR-RTY and MFR-RTSlope (Beck et
al., 2011a; Beck et al., 2011b; Pucci et al., 2006; Rich & Cafarelli, 2000; Stock and Thompson,
2014). In contrast to the results observed in this study, previous research has reported significant
increases in firing rates following resistance training (Kamen & Knight, 2004; Patten et al.,
2001; Vila-Cha and Falla., 2016; Vila-Cha et al., 2010). However, these investigations averaged
individual MU firing rates, rather than analyzing individual motor units as a function of
recruitment threshold, which provides significant insight into the overall control scheme
regulating muscle force production (Contessa et al., 2016). Analyzing the slopes and y-intercepts
of the MFR and RT relationship provides insight into the recorded and unrecorded lower- and
higher-threshold MU’s, allowing for comparisons of MU characteristics to be made across
individuals (Herda et al., 2015; Stock et al., 2012; Trevino et al., 2016). These relationships
appear to be sensitive to training stresses, however they are limited to exercise-induced muscle
damage, fatigue, or cohort studies on chronically trained individuals (Herda et al., 2015; Hight et
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al., 2017; Sterczala et al., 2018; Stock et al., 2012). In addition, all measures of MFR-RTSlope
were negative indicating an inverse relationship between MFRs of MU’s and their RT’s. This is
consistent with the “onion skin” phenomenon described by De Luca and Hostage (2010) as an
evolutionary means of optimizing force magnitude over time.
In the present study we did not observe any significant differences in resting BDNF
concentrations at POST between groups. This is in agreement with previous studies showing
little effect of short-term, resistance exercise (~5 - 12 weeks) on resting BDNF concentrations
(Church et al,, 2017; Forti et al., 2014; Fragala et al., 2014; Goekint et al., 2010; Hvid et al.,
2017; Yarrow et al., 2010). In a limited number of investigations, increases in basal BDNF
concentrations appear to be more sensitive to aerobic training (Dinoff et al., 2017). Previous
interventions have observed increased plasma BDNF concentrations resulting from resistance,
but not aerobic training, however, the participants were older adults, and as such increases in
basal BDNF concentrations resulting from resistance training may be limited to this population
(Pereira et al., 2013). Although we did not observe significant elevation in resting BDNF
concentrations in response to the 3-week resistance training program, the increase in BDNF
concentrations from BL to IP was significantly greater in the training compared to the control
group at POST. Further, results of the AUC for BDNF during exercise was not statistically
different between groups. However, we did observe a large effect size, suggesting the potential
training effect on the BDNF response. These results are in agreement with previous research
demonstrating resistance training enhances the BDNF response to an acute bout of resistance
exercise (Church et al., 2016; Yarrow et al., 2010).
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Both the change in the appearance of BDNF in circulation and BDNF AUC were
correlated to the change in the relative 80% MFR-RTY. To our knowledge this is the first
investigation reporting a relationship between resistance training-induced changes in MU firing
characteristics and the BDNF response to an acute bout of resistance exercise. These results
indicate a greater increase in the BDNF response at POST, which was associated with a less
negative MFR-RTSlope and lower MFR-RTY. This is in agreement with previous research
indicating resistance trained individuals have a less negative MFR-RTSlope, lower MFR-RTY
(Herda et al., 2015; Sterczala et al., 2018), and a greater BDNF response to resistance exercise
(Church et al., 2016; Yarrow et al., 2010). Considering the release of BDNF is activity dependent
(Egan et al., 2003), and participants were trained at 80% of their 1RM, the repeated release of
BDNF from successive resistance exercise bouts may have provided trophic support for higher
threshold MU’s that were repeatedly stimulated during training. Alternatively, individuals that
are able to more easily recruit type II fibers have a greater BDNF response. POST 1RM testing
was completed prior to the POST acute blood response, during which the loads assigned were
based off the POST 1RM. Individuals who can more easily recruit type II fibers (more negative
MFR-RTSlope and decreased MFR-RTY) will produce greater force, and are more likely to have a
greater 1RM. Therefore, participants with a greater 1RM were trained at higher intensities and
completed a greater workout volume. The greater workout volume and intensity may explain
why these individuals had an augmented BDNF response. Previous investigations have
demonstrated the BDNF response to exercise to be related to both training intensity and training
volume (Dinoff et al., 2017; Ferris et al., 2007; Marquez et al., 2015; Marston et al., 2017).
Despite the change in the circulating BDNF concentrations explaining 60.7% and 51.1% of the
variance in the change of the MFR-RTSlope and MFR-RTY, respectively, and the change in the
48

BDNF AUC explaining 30.4% and 39.2%% of the variance in the change of the MFR-RTSlope
and MFR-RTY, respectively.
In summary, the results of this investigation indicate that changes in the BDNF response
to resistance exercise are related to changes in the relative 80% MFR-RTSlope and MFR-RTY. In
addition, this study appears to be the first to demonstrate that resistance training induces an
enhanced BDNF release following an acute bout of resistance exercise. Future research is needed
to investigate the potential role of BDNF in adaptations to exercise. Specifically, the role of
circulating BDNF is not well known, nor are its origin or target tissues. Although investigations
have been performed on the effects of training status on BDNF, MFR-RTSlope, and MFR-RTY, no
study has examined all measurements within the same pool of participants.
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